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We develop a theory of the coherent photogalvanic effect (CPGE) in low-dimensional supercon-
ductors in the fluctuating regime. It manifests itself in the appearance of a stationary electric current
of Cooper pairs under the action of two coherent electromagnetic fields of light with frequencies lying
in the sub-terahertz range. We derive the general formula for the electric current density, study the
particular cases of linear and circular polarizations of the external light fields, and show that the
current might have a non-monotonous spectrum at certain polarization angles and turns out very
sensitive to the proximity of the ambient temperature to the critical temperature of superconducting
transition: Approaching the critical temperature, the peak in the spectrum becomes narrower, its
frequency experiences a redshift, and the intensity of the peak drastically grows.
In a broad sense, the photogalvanic (or photovoltaic)
effect (PGE) consists in the emergence of an electric cur-
rent or voltage in the sample under the action of electro-
magnetic (EM) field of light. Recent years demonstrate
a growing interest to PGE, which has been studied in
graphene [1], Weyl semimetals [2, 3], mono- and dichalco-
genides [4, 5], ferroelectrics [6, 7], and at terahertz fre-
quencies [8]. There exist various types of PGE, includ-
ing the bulk PGE [9, 10], valve effect in semiconduct-
ing p-n junctions, photoDember effect [11], and photo-
piezoelectricity, among others. All these phenomena are
due to the presence of inhomogeneities either in the me-
dia (like a p-n junction) or in the light field itself.
There also exists PGE, which requires neither the in-
homogeneity of optical excitation of electron-hole pairs
nor the inhomogeneity of the sample [9, 12–14]. Instead,
the media lacking the inversion center is required. In
this case, the stationary electric current represents the
second-order response of the system to a uniform elec-
tric field E with frequency ω, jη = TηλγEωλE
∗
ωγ , where
η, λ, γ = x, y, z. Thus, it is determined by the 3-
rank conductivity tensor, Tηλγ (which is nontrivial only
in the media lacking the inversion center). The micro-
scopic origin of this PGE is in the asymmetry of the in-
teraction potential and the electron scattering processes
or the crystal-induced Bloch wave function. Recently,
other mechanisms of PGE related to the trigonal warp-
ing of valleys in transition metal dichalcogenides have
also been suggested [15, 16].
One of the kinds of PGE is the coherent photogal-
vanic effect (CPGE). It was predicted in works [17, 18]
and observed experimentally in [19, 20]. It represents
the emergence of a stationary electric current in a spa-
tially homogeneous conducting sample exposed to two
EM fields with frequencies ω and 2ω. Phenomeno-
logically, CPGE current can be written as [17] jη =
χηλγδE2ωλE−ωγE−ωδ+c.c., where χηλγδ is a 4-rank gen-
eralized conductivity tensor, and E = 2Re(Eωe
iωt +
E2ωe
2iωt), where E−ω = E∗ω. As compared with the
traditional PGE, CPGE does not require the absence of
the inversion symmetry and it depends on the phase dif-
ference between the EM fields.
Recently, photoinduced nonlinear transport phenom-
ena in superconductors attract growing interest of the
community [21]. In particular, there has been proposed
the photon drag effect [22] and the third harmonic gen-
eration [23]. PGEs have not been so far addressed in
superconductors, to the best of our knowledge. It is
known that the PGE in normal conductors at low tem-
peratures exists due to the asymmetrical impurity scat-
tering processes of electrons, like the skew- and side-jump
effects, among other. These processes have been investi-
gated in view of recent research on the anomalous Hall
effect in fluctuating superconductors [24], and it has been
demonstrated that the Aslamazov-Larkin correction is
not dressed by these asymmetric impurity scatterings.
In this paper, we study CPGE in a superconductor
in the fluctuating regime [25, 26], when the temperature
is slightly above the critical temperature of supercon-
ducting (SC) transition Tc and in addition to normal
(unpaired) electrons there start to emerge and collapse
Cooper pairs called in this case the SC fluctuations (SFs)
since the density of Cooper pairs fluctuates, according to
the Aslamazov-Larkin (AL) effect. These SFs can dra-
matically change the conductivity of the system due to
an additional paraconductivity term. As we have shown
in previous works [27], the presence of SFs can also dras-
tically change the optical response of the system.
To describe the CPGE of SFs, we will use the Boltz-
mann transport equations approach [26], in the frame-
work of which the Cooper pairs are described by the
distribution function and an effective energy-dependent
lifetime. This approach has been proved sufficient if one
considers the AL corrections to the conductivity [28–31],
which we do in this paper.
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2Theory. The Boltzmann equation for SFs in the uni-
form external electromagnetic field reads
∂f
∂t
+ 2e[Eω(t) +E2ω(t)] · ∂f
∂p
+
f − f0
τp
= 0, (1)
where f is the distribution function of fluctuating Cooper
pairs, t is time, e is electron charge, Eω(t) = Eωe
iωt +
E∗ωe
−iωt and E2ω(t) = E2ωe2iωt + E∗2ωe
−2iωt are the
first and second harmonics of the electromagnetic field
of frequency ω, p is the center-of-mass momentum of
the Cooper pair with the absolute value p = |p|; τp =
piα/(16εp) is the effective Cooper pair lifetime with α the
parameter of the AL theory [26]; α is calculated using
the relation 4mαTcξ
2/~2 = 1, where ξ is the correlation
length given by
ξ2 =
v2F τ
2
2
[
ψ
(1
2
)
− ψ
(1
2
+
~
4piTτ
)
+
~ψ′(1/2)
4piTτ
]
. (2)
Here ψ(x) is the digamma function; vF = ~
√
4pin/m
is the Fermi velocity; τ is the electron relaxation time,
εp = εp = p
2/4m + µ is Cooper pair energy with m the
electron mass, µ = αTc,  = (T−Tc)/Tc > 0 the reduced
temperature [26]; f0 = T/εp is the classical Rayleigh-
Jeans distribution of Cooper pairs at temperature T in
the absence of external perturbations.
Furthermore, we assume that the EM fields cause small
perturbations of the local density of SFs and do the ex-
pansion [32, 33], f(t) = f0 +
∑
n
f (n)(t). The n−th order
correction obeys the equation(
∂
∂t
+
1
τp
)
f (n)(t) = −2e[Eω(t) +E2ω(t)] · ∂f
(n−1)(t)
∂p
.
(3)
The general formula for the CPGE current density is
jη = 2e
∫
dpuηf/(2pi~)2, where η = x, y and uη =
pη/2m is a Cooper pair velocity. In our case, the
lowest-order nonzero contribution to the stationary cur-
rent reads
jη = 2e
∫
dp
(2pi)2
uη〈f (3)(t)〉, (4)
〈f (3)(t)〉 = −2eτpRe
(
E∗ω ·
∂f
(2)
ω
∂p
+E∗2ω ·
∂f
(2)
2ω
∂p
)
,
where 〈...〉 stands for the time-averaging and the second-
order corrections satisfy(
iω +
1
τp
)
f (2)ω = −2e
(
E2ω · ∂f
∗(1)
ω
∂p
+E∗ω ·
∂f
(1)
2ω
∂p
)
,
(
2iω +
1
τp
)
f
(2)
2ω = −2eEω ·
∂f
(1)
ω
∂p
, (5)
and the first-order corrections read(
iω +
1
τp
)
f (1)ω = −2eEω ·
∂f0
∂p
= −2e(u ·Eω)f ′0, (6)(
−iω + 1
τp
)
f∗(1)ω = −2eE∗ω ·
∂f0
∂p
= −2e(u ·E∗ω)f ′0,(
2iω +
1
τp
)
f
(1)
2ω = −2eE2ω ·
∂f0
∂p
= −2e(u ·E2ω)f ′0,
where f ′0 = ∂f0/∂εp. Integrating by parts in Eq. (4) and
taking the integrals, introducing for convenience dimen-
sionless variables, κ = εp/µ and β = piω/(16Tc), and
then using Eω = E1eω and E2ω = E2e2ω, where we in-
troduce two unity vectors in the directions of electric field
harmonics, and finally parameterizing the fluctuating
Cooper pair velocity as u = un, where n = (cosϕ, sinϕ),
we can find the total current density (see Supplemental
Material [34]),
jη = χηλγδe
∗
ωλe
∗
ωγe2ωδ + χ
∗
ηλγδeωλeωγe
∗
2ωδ (7)
+ζηλγδe
∗
2ωλeωγeωδ + ζ
∗
ηλγδe2ωλe
∗
ωγe
∗
ωδ,
where
χηλγδ =
j0
2
∞∫
1
(κ− 1)dκ
κ2
(
1
κ− iβ +
1
κ+ 2iβ
)
(8)
× ∂
∂κ
[
δηλδγδ/2− 2κ−1κ nηnλnγnδ
κ(κ+ iβ)
]
,
ζηλγδ =
j0
2
∞∫
1
(κ− 1)dκ
κ2(κ+ iβ)
× ∂
∂κ
[
δηλδγδ/2− 2κ−1κ nηnλnγnδ
κ(κ+ 2iβ)
]
are two auxiliary tensors, where the bar symbols stand
for the averaging over the angle of the unity vector n. In
Eq. (8),
j0 =
(2e)4
2pi~2m
Tβ3
µω3
E21E2, (9)
and
nxnxnyny = nynynxnx = nxnynynx = nynxnxny (10)
= nxnynxny = nynxnynx =
1
8
; n4x = n
4
y =
3
8
,
whereas the other components (containing single x or y
index such as nynxnxnx) vanish. Expressions (7)-(10)
describe the general case of CPGE at any polarization
and represent the main result of this paper.
Linear and circular polarizations. Let us consider
the most interesting cases from experimental point of
view, presented in Fig. 1. Choosing eω = (1, 0) and
e2ω = (cos θ2ω, sin θ2ω) which corresponds to the case
(a) in Fig. 1, we find from Eqs. (7)-(10),
jx = 2 cos θ2ωRe (χxxxx + ζxxxx), (11)
jy = 2 sin θ2ωRe (χyxxy + ζyyxx). (12)
3FIG. 1: Geometry of incident fields: Cases (a) and (b) cor-
respond to linear polarization of both the fields, whereas (c)
and (d) correspond to the cases of circular polarization of one
of the fields (see text for details).
Instead, taking eω = (cos θω, sin θω) and e2ω = (1, 0)
we find for the case (b),
jx = 2 cos
2 θωRe (χxxxx + ζxxxx) (13)
+ 2 sin2 θωRe (χxyyx + ζxxyy),
jy = sin(2θω)Re (χyxyx + χyyxx + ζyxxy + ζyxyx).(14)
Furthermore, taking eω = (1, 0) and e2ω = (1, iσ)/
√
2,
where σ = ±1 indicates left/right circular polarization,
we find for the case (c) in Fig. 1,
jx =
√
2Re (χxxxx + ζxxxx), (15)
jy =
√
2σIm (ζyyxx − χyxxy).
Taking eω = (1, iσ)/
√
2 and e2ω = (1, 0) for the case
(d) we have
jx = Re (χxxxx + ζxxxx − χxyyx − ζxxyy), (16)
jy = σIm (χyxyx + χyyxx − ζyxxy − ζyxyx).
Results and discussion. Figure 2 shows the temper-
ature dependence of the electric current density. The
components jx and jy corresponding to different cases
in Fig. 1 exhibit a decay once the temperature increases
as compared with the critical temperature (compare also
with Fig. 3). It can be explained by the enhancement
of the influence of SFs once we approach the critical
temperature. In general, the temperature dependence
of the current is mainly (although not fully) inherited
from the factor j0, that goes as T
−2 at large tempera-
tures, T  Tc, whereas it has a singularity (T −Tc)−3 at
temperatures approaching Tc (see inset in Fig. 2). This
behavior is more singular than the one of the conventional
paraconductivity, where the singularity is (T−Tc)−1 [26].
Figure 3 shows the spectra of electric current density
corresponding to different geometries of incident fields,
shown in Fig. 1. In case of linearly polarized light [cases
FIG. 2: Components of electric current densities, jx (solid)
and jy (dashed curves), as functions of the temperature. The
green, gray, blue and red curves represent (a), (b), (c), and (d)
cases in Fig. 1, respectively. Inset shows the dependence of j0
on temperature. We used Tc = 10 K, n = 1.5 × 1011 cm−2,
τ = 0.1 ps, m = 0.5 m0, where m0 is free electron mass. We
fixed ω = 2 × 1011s−1, θω = θ2ω = pi/6, E1 = 2 V/cm, and
E2 = 0.25 V/cm.
(a) and (b)], the x and y components of current density
show a similar behavior. The magnitude of current den-
sity decreases with the increase of frequency. But this
dependence is not monotonous in the case (a). Indeed,
at some frequency, the current density crosses zero and
changes its sign, thus it starts to increase. Later it crosses
a maximum and then decreases again. Both the compo-
nents of the current density saturate at high frequencies,
independent of temperature.
In the case of circularly polarized light [panels (c) and
(d) in Fig. 3], the x and y components of electric cur-
rent density show different behavior. While the x com-
ponent behaves similar to that of linearly polarised light,
the y components behave differently and reveal a non-
monotonous behavior. They also grow and then decay
after overcoming a peak value. With the decrease of ,
the magnitudes of the currents grow. We can also see
that once the ambient temperature approaches Tc, the
dashed curves (jy) in panels (c) and (d) get narrower,
and the peak frequency experiences a redshift.
Figure 4 demonstrates the dependence of current den-
sities on the polarization angles of the light fields. As it
follows from Eqs. (11)-(16), the jx and jy components of
the current depend on the angle only in the cases when
both the incident fields have linear polarization. It cor-
responds to the cases (a) and (b) in Fig. 1. As θω or θ2ω
varies from 0 to 2pi, the magnitudes of current densities
change their magnitudes and even sign. We want to note,
that for the cases (c) and (d) in Fig. 1, there is an extra
factor σ, which reflects the chirality of the field but there
is no dependence on the angle.
In this article, we have considered one particular
type of Superconducting fluctuations: the Aslamazov-
Larkin corrections. There also take place other contribu-
4FIG. 3: Spectra of electric current density for different incident field geometries. The solid curves show x-projection of the
current jx as functions of frequency, while the dashed curves show jy as functions of the same frequencies at two temperatures:
10.10 K (red) and 10.15 K (green) that are above the critical temperature Tc = 10 K. Other parameters were taken the same
as in Fig. 2.
FIG. 4: Spectra of electric current densities corresponding to the cases (a) and (b) of Fig. 1 for three different values of
polarization angles θ2ω (a) and θω (b): pi/3 (red), 7pi/5 (green), 9pi/5 (blue). We used T = 10.1 K. Other parameters are taken
the same as in Fig. 2.
tions: the Maki-Thompson [35, 36] and the “density of
states” [37] corrections. However, the Boltzmann equa-
tions approach cannot be used for their description, and
a quantum approach is required.
In conclusion, we have studied the coherent photogal-
vanic effect in a two-dimensional superconductor in the
fluctuating regime. We have shown the emergence of a
stationary electric current of Cooper pairs when the sam-
ple is exposed to two coherent electromagnetic fields of
light with certain frequencies and different polarizations.
We have derived the general formula for the electric cur-
rent density and investigated in detail the particular cases
of linear and circular polarizations of the external light
fields. We have shown, that the current might experi-
ence a non-monotonous dependence on frequency and it
is very sensitive to the proximity of the temperature to
the critical temperature of superconducting transition.
In particular, the peak in the spectrum of the current
5becomes narrower, its frequency experiences a redshift,
and the intensity of the peak grows once the temperature
approaches Tc. These results capture the effects arising
due to the interplay of the physics of superconducting
(Cooper pair density) fluctuations and the polarizations
of incident light fields.
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